Unidentifiability and equifinality of parameters pose challenges to calibration and prediction by conceptual precipitation-runoff models. Evaluation of prediction performances of parametrical parsimonious and more complex conceptualisations is lacking for hourly simulation. We conducted a comparative evaluation of four configurations of the distributed (1 × 1 km 2 grids) HBV (Hydrologiska Byråns Vattenballansavdelning) runoff response routines for hourly streamflow simulation for boreal mountainous catchments in mid-Norway. The routines include the standard Swedish Meteorological and Hydrological Institute HBV or HBV-SMHI, HBV-non-linear (standard soil routine and non-linear reservoirs), HBV-Soil Parsim R (standard soil routine and linear reservoirs) and HBV-Parsim (parsimonious and linear soil routine and reservoirs). The routines provided simulated hydrographs,
INTRODUCTION
Various conceptual runoff response routines are currently used for decision-making for operational forecasting although they are not capable of detailed modelling of physical hydrological processes (e.g., preferential flows). Some of the recent works endorsing the utility of conceptual models include Fenicia et al. () and Kavetski & Fenicia () who tested a flexible framework for conceptual model structure for comparison and refinement of alternative hypotheses. Precipitation-runoff models based on the standard HBV (Bergström ) , which is named as the ; Driessen et al. ) . For the representation of spatial heterogeneity through different levels of spatial discretisation, the standard HBV model has evolved through different variants from lumped to 'fully' distributed versions The HBV model has gained significant applications for daily forecasting, and with recent developments for hourly simulation/forecasting (e.g., Kobold & Brilly ; Shrestha & Solomantine ; Rakovec et al. ) . There are growing interests in hourly application of the HBV model since hourly flood forecasting is becoming important due to the prevalence of extreme hydrological events driven by intense rainfall events. In addition, for operational hydropower management a reliable hourly inflow prognosis is required. For instance, real-time forecasting of inflow to hydropower reservoirs during hydropeaking (i.e., when hydropower is operating to balance intermittent renewables or nonrenewable energy sources for peak demands of electricity) requires runoff simulation for shorter time steps for optimal scheduling and to minimise downstream impacts of releases.
In addition, for catchments that are affected by diurnal variations of streamflow due to diurnal variations in snowmelt and evapotranspiration, the hourly simulation is expected to better capture the temporal dynamics of the hydrological processes for reliable prediction/forecasting of streamflow.
Also, flood peaks may not be reliably simulated based on a coarse temporal resolution (e.g., daily time step) especially for small basins. Several studies have been conducted on time scale dependencies of conceptual model parameters (Littlewood & Croke ; Wang et al. ; Merz et al. ) . Kavetski et al. () thoroughly investigated the time scale dependencies of information content of data, parameter calibration and identifiability, quickflow and hydrograph peak simulation. The considerable loss in performance when parameters calibrated for a longer time step (e.g., daily streamflow) are used for simulation for a shorter time step (e.g., hourly), as demonstrated by Bastola & Murphy () , showed the introduction of additional uncertainty and hence associated risks in hourly prediction from utilising the daily calibrated parameters. Therefore, hourly predictions based on parameters calibrated utilising hourly observations are required for water management purposes.
Depending on their conceptualisation, the different versions of the HBV response routines contain different number of free parameters while large number of free parameters do increase the complexity in parameter calibration and identifiability. Moreover, the reliability of simulation based on different conceptualisation may be different. The standard form SMHI (Bergström ) , the HBV light (Seibert b, ) However, studies of relationships between prediction performances and various configurations of the distributed HBV response routines and the number of free parameters is lacking from the literature. Dependent on the ability of the model to simulate the precipitation-runoff relationships, conceptualisation based on less number of parameters is preferable.
Despite the pros in allowing better identifiability of parameters, there are also cons against parsimonious models.
For example, Kuczera & Mroczkowski () noted that a simple model cannot be relied upon to make meaningful extrapolative predictions, where a complex model may have the potential but because of information constraints may be unable to realise it. Due to the pros and cons related to parsimony and more complexity in hydrological modelling, the focus of the present study is on comparative evaluation of the runoff response routines. Some of the previous attempts to reduce the number of free parameters in the HBV response routine include works by Harlin () () stated that given the inherent limitations of information in calibration data only a smaller number of parameters can be uniquely identified which calls for a parsimonious model. When calibration is based on different state variables (e.g., ground water level, soil moisture (SM), snow depth) in addition to streamflow, multi-objective calibration gives an opportunity to further exploit the information content of each variable to better constrain the model parameters. However, the challenge is that such a rich data set may not be readily available especially for operational purposes. Hence, the maximum possible exploitation of the information content of the relatively readily available streamflow data is a possible solution.
Kokkonen & Jakeman () while explaining the higher information requirement of a complex model structure stated that the more process complexity one wants to include in the model structure the more types of data are required to estimate the process parameters and to test the lumped models for daily simulation in 429 catchments and found that models with a large number of parameters generally yield better calibration results, but were not verified in the validation stage. Hughes () noted that if the model performance is evaluated only by the success of calibration against observed streamflow, certain simpler models would frequently out-perform the more complex models but selection of models for wider objectives such as prediction in ungauged basins is far more complex. Better process understanding augmented by field experiments and measurements to conceptualise improved (suitable) model structures for simulation of dominant hydrological processes is indispensable in catchment hydrology but this task was not an objective of the present study. 
THE STUDY REGION
The study region is the mountainous boreal watershed of Gaula in mid-Norway. We used streamflow data from four stations, Gaulfoss, Eggafoss, Hugdal bru and Lillebudal bru. Hugdal bru, Eggafoss and Lillebudal bru are nested within Gaulfoss, but they are independent of each other.
Rainfall mainly occurs from April to October, whereas snowfall occurs from November to March. We used hourly precipitation data from 12 climate stations with an elevation range from 127 to 885 masl (metres above sea level). We interpolated the climate inputs on the spatial computational scale of 1 × 1 km 2 grids by the inverse distance weighing (IDW) method. The maximum length of input records for calibration was two years of hourly temporal scale due to difficulty in finding long series of hourly climate and streamflow data with complete records. However, the length of the hourly data series is expected to provide sufficient information on the rainfall-runoff relationships to constrain the model parameters. Where sub-daily data exist, it would appear to be wise to use the extra information they contain, leading to more accurate calibrated model parameters (Littlewood & Croke ) . The main surface deposits in the Nordic countries are till soils (Beldring et al. ) . The main characteristics of the catchments and maps of land use, elevation, locations of climate and streamflow stations for the study catchments are given in Table 1 and Figure 1 .
MODELS AND METHODS
The four configurations of the conceptual HBV runoff response routines modelled and evaluated in the present study differ either in the number of conceptual reservoirs (one versus two), form of storage and discharge (S-Q) equations (linear versus non-linear), the SM accounting routine or the number of free parameters (few/parsimonious versus many/more complex). A summary of the main features of the routines is given in Table 2 and Figure 2 . The lists of the free parameters and ranges of their uniform priors are given in Table 3 .
The HBV-SMHI distributed runoff response routine The lower zone conceptually represents the base flow from ground water and the storage-baseflow relationship is linear.
HBV-non-linear distributed runoff response routine
The HBV-non-linear runoff response routine has two storage reservoirs (upper and lower) conceptually similar to 
LP ¼ 0.9 & FC ¼ 150 mm below timber line or 50 mm above However, for the HBV-Parsim the SM accounting routine is based on a linear function (i.e., β ¼ 1.0), LP is also set to a constant value of 0.9, which is a default value of HBV-96 (Booij ) . If the grid cells are within a lake, direct precipitation on the lake, evaporation from the lake and outflow are considered for the lower reservoir zone (i.e., there is no SM accounting routine and the upper zone reservoir). The evaporation from the lake surface is assumed to be 40% above the potential evapotranspiration computed from the Priestley-Taylor method.
The snow routine
For the study catchments, snow accumulation and melt processes dominate during winter and spring seasons, respectively. Snow routines based on temperature index models or degree-day methods are commonly used to simulate snowmelt rates in many variants of the HBV models.
However, in the present study, we used the gamma The calibration was performed based on a residual based log-likelihood (L-L) objective function:
where Qsim (θ) and Qobs (θ) , respectively, are the Box-Cox it is assumed that the streamflow series is Gaussian and weight of high flows will be much greater than low flows like the Nash-Sutcliffe efficiency or NSE. The main advantage of the DREAM algorithm is that it accepts better parameter proposals (i.e., higher likelihood) and converges to posterior distributions rather than to a single optimal parameter set and allows an objective assessment for parameter identifiability and predictive uncertainty. We used the last Table 4 for Gaulfoss and Eggafoss. For spatial and temporal validation of the model through transfer of calibrated parameters in space (among internal and neighbouring catchments inside the Gaulfoss watershed) and also in time, maximum NSE/NSELn values for the calibrated catchments corresponding to the calibrated (optimal) parameter sets and the NSE/NSELn values obtained from transfer of the calibrated parameter sets to 'proxy ungauged' catchments are given in Table 5 .
RESULTS

Observed versus simulated streamflow hydrographs for
The observed and simulated streamflow hydrographs showed satisfactory agreements (Figure 3 (Table 5 ). The indicate the discrepancy between the predictive distribution and the observed data (Figures 4(a)-4(d) ). In addition, we further evaluated the routines for their performance in simulating the temporal variability of streamflow in terms of flow duration curves (FDCs) ( Figure 5 ). and optimal parameters corresponding to maximum NSE and NSELn are given in Table 6 . The linear correlation matrix among the posterior parameters in the SM accounting and runoff response routines for Eggafoss catchment is presented in Table 7 . will replenish the SM zone as β increases. However, the nonlinear effect of varying soil saturation becomes more pronounced for larger β and there is a rapid increase in the amount of infiltrated water that recharges the upper zone reservoir as relative saturation increases. However, the HBV-SMHI routine, which has three free parameters in the SM accounting routine (FC, LP and β) and also the very quick recession coefficient (k 2 ) in the response routine shows no marked better performance for simulation of high Also, prediction based on the NSELn performance measure that gives higher weightage to the low flows are indistinguishable for the three configurations (Table 5 ). Figure 6 shows less identifiability of the threshold parameter (UZ t ), which may be related to its low sensitivity and hence its influence on the other parameters is not clearly observed.
DISCUSSION
The QQ plots for evaluating the reliability of prediction indicated significant over and under predictions from low to high ranges of streamflow that are indistinguishable among the four runoff response routines (Figures 4(a)-4(d) ). There are also similar marginally different performances in prediction of FDCs which are mainly characterised by underestimation of high flows for all of the routines ( Figure 5 ). Therefore, further evaluations based on additional runoff 'signature' and reliability criteria also do not suggest any clear superiority of the more complex routines.
Model validation (temporal, spatial and spatio-
temporal)
Testing whether the distributed models that are calibrated with basin outlet streamflow information provide meaningful hydrologic simulation at internal catchments was one of There is better likelihood of obtaining narrow predictive uncertainty of streamflow from posterior parameters yielding narrow maximum objective function. However, for the HBV-SMHI with ten free parameters the posterior ranges of parameters in the threshold-based non-linear upper reservoir k 2 and UZ t (Figure 6(a) ) are not much narrower than their corresponding uniform prior ranges (Table 6) (Table 6 ). For instance, for the HBV-Soil Parsim R routine for maximum NSE for the Gaulfoss catchment, the posterior ranges of k 1 (0.11-0.20), k 0 (0.01-0.03) and PERC (0.65-3.37) were obtained. Also, for the HBV-Parsim routine for maximum NSE of the Gaulfoss catchment, the posterior ranges of k 1 (0.12-0.25), k 0 (0.03-0.04) and PERC (2.36-5.06) were obtained. The uniform prior ranges (Table 3) were k 1 (0.001-1.5), k 0 (0.0005-0.5) and PERC (0-6).
Although the presupposed uniform priors overlap for the recession coefficients k 1 and k 0 , the ranges of their DREAM calibrated posteriors do not overlap for the HBV-Soil Parsim R and HBV-Parsim and do not overlap significantly for the other routines. This indicated that the DREAM calibration was able to constrain the model parameters to satisfy the conceptual representation of the quick runoff that is related to k 1 and the slow base flow that is related to k 0 . From the pure MC method, Seibert (a) and Uhlenbrook et al. () found an overlap in k 1 and k 0 for some MC generated parameter sets, which is contradictory to the model conceptualisation. Even if there is a slight overlap between calibrated posterior ranges of k 2 and k 1 for the HBV-SMHI and k 1 and k 0 for the HBV-non-linear, the parameter set corresponding to the maximum NSE and maximum NSELn complies with the conceptualisation of very quick runoff corresponding to k 2 , quick runoff corresponding to k 1 and slow baseflow corresponding to k 0 or k 2 > k 1 > k 0 ( Table 6 ).
The strong negative correlations between the FC and the PERC parameters (Table 7) show the marked influence of parameterisations of the SM accounting on the runoff response parameters. As the FC increases, the relative saturation (SM/FC) decreases and hence the recharge decreases (based on the equation for the recharge in Table 2) The findings should provide new information for the HBV users and the hydrological modelling community regarding the performances of different configurations of the conceptual HBV model. Equivalent performances of the HBV-Parsim indicated a potential for application of parametrical parsimonious models, which would benefit model updating for forecasting purposes. Evaluation of the routines based on a larger number of catchments (e.g., regional modelling) and for different climate regimes (e.g., Lidén & Harlin ) , which requires availability of data and separate study, would be expected to provide further insights.
